We used a surface trypsinolysis assay to probe accessibility of the membrane-23 proximal N-terminal tether peptides of Borrelia surface lipoproteins OspA and Vsp1. 24
Our findings with both wild type and mutant proteins are only compatible with the 25 anchoring of these surface lipoproteins in the outer leaflet of the outer spirochetal 26
membrane. 27 28
Lipoproteins displayed on the surface of Borrelia spirochetes play crucial roles in the 29 transmission of the bacteria by arthropod vectors as well as the ensuing development of 30
Lyme borreliosis or relapsing fever in mammalian hosts (3, 6, 22) . While it has been 31 widely assumed that members of this important class of virulence factors are anchored 32 peripherally via their triacyl moiety in the outer lipid bilayer leaflet of the outer 33 membrane (OM), the supporting evidence has been quite circumstantial. For example, 34 the phenotype of outer surface lipoprotein A (ospA)-deficient Borrelia burgdorferi cells 35 "decorated" with recombinant lipidated OspA (L-OspA) was identical to that of OspA-36 expressing B. burgdorferi cells (10), and lipophilic fluorescent probes were shown to 37 readily insert into the OM of B. burgdorferi (13) . Also, the minimal lengths of N-38
terminal OspA "tether" peptides (see Fig. 1 ) that were sufficient to target the red-39 fluorescent reporter protein mRFP to the borrelial surface (27, 28) appeared too short to 40 support anchoring in the periplasmic leaflet of the OM via a membrane-spanning peptide. 41
However, E. coli Lpp was recently shown to sequester into the OM and display its C-42 terminus on the bacterial surface in its peptidoglycan-free form, i.e., to assume a variation 43 of such an "inside anchor-outside protein" or "in-out" topology (12) . Dunn and colleagues that cell-associated as well as recombinant soluble OspA was 49 resistant to trypsin (4, 14) ; the abundant Lys residues found throughout the protein are 50 protected from trypsinolytic attack because of their confinement in secondary structure or 51 short loops (19, 32) . These early as well as subsequent studies (9, 15) focused only on 52 the remaining non-trypsinolysed cell-associated OspA, but did not investigate whether a 53 trypsin-resistant OspA core was released into the reaction supernatant. Such a 54 proteolysis-dependent protein core release had been observed for Borrelia lipoproteins 55 belonging to the dimeric outer surface lipoprotein C/variable surface lipoprotein 56
OspC/Vsp family (17, 32), which indicated that N-terminal tether peptide Lys residues 57 were trypsin-accessible in the context of an intact cell envelope. We therefore decided to 58 first establish whether OspA was detectably released from cells upon trypsin treatment. 59
As Borrelia turicatae Vsp1 is expressed and properly displayed on the surface of B. 60 burgdorferi (33), we included it as a second model protein in the current study. 61
OspA and Vsp1 tether peptide mutants (Fig. 1B, Fig. 1C , Table 1) were generated 62 by modifying existing OspA and Vsp1 expression plasmids through oligo-mediated site-63 directed mutagenesis (Table 2 , QuikChange, Stratagene) as described (17, 27, 28 or double OspA K18/27A mutants did not alter the respective release phenotypes (Fig 2A) . 94
A limited 'lysine-scanning' mutagenesis of residues 21 to 24 showed that an introduced 95
Lys at OspA position 21 (OspA K18/27A,V21K,(3A)22 ) was also cleaved by trypsin ( Fig. 2A) , 96 albeit less efficiently (about 1% of total protein). As a control, an in situ proteinase K 97 assay confirmed that all OspA tether mutants were surface-exposed (Fig. 2B) . 98
In parallel experiments, surface trypsinolysis of B. burgdorferi expressing wild 99 type Vsp1 (Vsp1 wt ) confirmed the previously observed complete removal of the protein 100 from the cellular envelope ( Fig. 2C) 
(32, 33). Vsp1 tether mutants individually deleted in 101
the Lys residues at positions 27 (Vsp1 ∆27 ) and 33 (Vsp1 ∆33 ) (Fig. 1C) were efficiently 102 detached as well. In contrast, the double Vsp1 ∆27/33 mutant remained associated with the 103 cell envelope (Fig. 2C) . As previously demonstrated, the slightly lower molecular mass 104 of the observed cell-associated Vsp1 is due to the removal of the protein's C-terminal tail 105 ( Fig. 1C) (32, 33) . This indicated that both Vsp1 Lys 27 and Lys 33 residues localized to 106 the surface. To determine if Lys residues more proximal to the N-terminal Cys remained 107 accessible, we modified two described recombinant plasmids encoding for surface-108 displayed Vsp1 tether mutants, Vsp1 ∆21-23 and Vsp1 ∆22-23 (17) . Deleting the Lys 33 codon 109 in both recombinant plasmids left only Lys 27 as a potential target for trypsin, albeit at 110 different positions relative to the N-terminal Cys at position +1 (Fig. 1 
). As expected, 111
Vsp1 ∆21-23 and Vsp1 ∆22-23 were completely removed by proteolysis (Fig. 2C) 6 associated with the cell, with about 70% of the total protein being C-terminally cleaved 115 (Fig. 2C) . 116
One conceivable interpretation of the divergent protease accessibilities of OspA 117 and Vsp1 tether residues was that the two proteins' prevalent tether topologies were 118 dramatically different, the majority of OspA's tether peptides remaining sequestered from 119 the bacterial surface, potentially in an "in-out" anchor topology (Fig. 1A) . To further 120 assess this possibility, we repeated the trypsin accessibility assays with B. burgdorferi 121 B313 cells that were "decorated" as described (10) amino acids would be required to span the 50 Å-thick OM lipid bilayer (16) (Fig. 1) . 140
Based on our current understanding of bacterial protein transport, retrograde absorption 141 of lipidated OspA from the extracellular milieu to the spirochetal periplasm is unlikely. 142 Therefore, the identical accessibility of OspA tether peptides in OspA-decorated and 143
OspA-expressing B. burgdorferi cells all but excludes that this lipoprotein -in contrast to 144
Vsp1 -assumes an "in-out" anchor topology. One plausible reason for the relative 145 inaccessibility of OspA tether lysines in the context of an intact B. burgdorferi envelope 146 could be the protection of OspA tether residues by the protein's documented interaction 147 with other surface-exposed proteins such as P66 (9). Yet, the simplest explanation for 148 our findings is steric hindrance. Trypsin's diameter of 38 Å (30) corresponds to the 149 length of a 10-amino-acid peptide in extended conformation. The peptidase's active site 150 therefore may have easier access to lysine residues in the 21-amino-acid Vsp1 tether than 151 in the only 12-amino-acid-long OspA tether (Fig. 1) . OspA Lys 18 is trypsin-accessible in 152 the purified lipoprotein (7), so steric effects may also explain the inaccessibility of 153 membrane-proximal tether residues. Dimerization of Vsp1 might also hinder trypsin 154 from acting on residues proximal to the membrane anchor. It is of note that Lp6.6, a 155 lipoprotein localizing to the periplasmic leaflet of the B. burgdorferi OM (23), remains 156 inaccessible to trypsin unless the envelope is detergent-permeabilized (17). 157
The current data further define the topology of spirochetal surface lipoproteins, 158 using an approach that might be applicable to other systems. The precise molecular 159 mechanism of OM crossing by spirochetal surface lipoproteins remains to be elucidated. 
